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detrusor; phorbol 12-myristate 13-acetate; ryanodine receptors DETRUSOR SMOOTH MUSCLE (DSM) contractility is regulated by a complex integration of neurogenic and myogenic mechanisms (1) . Alteration of these mechanisms may result in DSM dysfunction and development of bladder disorders, such as overactive bladder (OAB). DSM contraction during the urinary bladder voiding phase is predominantly initiated by activation of muscarinic, particularly M 3 , receptors (1, 10) . The principal downstream effect of the M 3 receptor signaling pathway is activation of phospholipase C via the ␣-subunits of G q/11 proteins, subsequently leading to the formation of inositol trisphosphate (IP 3 ) and diacylglycerol (DAG) (10, 36) . IP 3 activates IP 3 receptors in the sarcoplasmic reticulum (SR) to promote SR Ca 2ϩ release, whereas DAG activates PKC. PKC is a key enzyme involved in regulation of DSM contractility. A number of downstream targets of PKC, including phosphorylation of the CPI-17 regulatory protein (6, 35) and direct interactions with L-type voltage-gated Ca 2ϩ (Ca V ) channels (19) , promote bladder contraction. However, the molecular targets, especially ion channels, for the PKC signaling pathway in DSM are not completely understood.
DSM expresses several types of K ϩ channels, including large-conductance voltage-and Ca 2ϩ -activated K ϩ (BK) channels, small-conductance Ca 2ϩ -activated K ϩ channels, voltagegated K ϩ channels, and two-pore domain K ϩ channels (33) . The BK channel is the most physiologically relevant K ϩ channel involved in regulation of DSM function due to its large single-channel conductance and its unique properties controlled by voltage and Ca 2ϩ (12, 14, 16, 17, 24, 33, 34) . In some non-DSM tissues, BK channels can be activated by stretch (35, 44) ; however, the direct effect of stretch on BK channel activity in DSM remains to be investigated. BK channels play a significant role in the pathology of certain forms of OAB, such as neurogenic detrusor overactivity (NDO) and OAB associated with bladder obstruction due to benign prostatic hyperplasia (7, 13, 31) . Furthermore, the BK channel has been identified as a target for pharmacological and genetic control of OAB (7, 8, 14, 17, 21, 25, 26, 31, 34, 40) . Despite the key importance of the BK channel in DSM, many aspects concerning regulatory mechanisms are not completely understood. In DSM, localized Ca 2ϩ releases from ryanodine receptors (RyRs), known as "Ca 2ϩ sparks," activate adjacent BK channels, inducing transient BK currents (TBKCs), also known as spontaneous transient outward currents (12, 14, 16, 17, 34, (45) (46) (47) .
In addition to Ca 2ϩ and voltage, protein kinases, such as PKA (16, (45) (46) (47) and PKC (20) , also modulate BK channel activity in DSM. PKA activation increases BK channel activity in DSM cells (5, 16, 34, (45) (46) (47) ; however, the mechanism of the PKC-BK channel interaction in DSM is less clear. A recent study demonstrated a functional link between M 3 receptors and BK channels in DSM, where pharmacological activation of M 3 receptors with carbachol has been shown to inhibit BK channel activity (32) . It has been suggested that this process may be mediated by PKC. However, the involvement of PKC signaling pathways in M 3 receptor-induced inhibition of BK channels in DSM remains unexplored. Another study using the PKC inhibitor bisindolylmaleimide (Bim-1) and the PKC activator phorbol 12,13-dibutyrate (PDBu), as well as the BK channel activators NS-1619 and isopimaric acid, suggests that PKC may play an important role in DSM contractility by affecting BK channels (20) . Despite these initial observations, the cellular and molecular mechanisms by which PKC interacts with BK channels have not been elucidated in DSM.
In arterial smooth muscle, PKC activation usually leads to inhibition of BK channel activity (3, 4, 27, 38, 42, 49) . However, in Sprague-Dawley rat pulmonary arteries, stimulation of PKC increases BK channel activity (2, 50) . This variation of PKC-induced effects may be attributed to experimental conditions based on species, strains, and tissue/organ differences. Furthermore, functional association of BK channels with different PKC isoenzymes, splice variants of the ␣-or ␤-subunit composition of the BK channel, as well as regulatory input from distinct signaling pathways, may also play a role.
Another important issue is how PKC interacts with the BK channels at the cellular level. In different cell types, the molecular mechanism of PKC-BK channel functional coupling can involve a direct phosphorylation of the BK channel ␣-subunit (37, 43, 49) or an indirect interaction (37) . The indirect interactions could involve modulation of BK channel activity via intracellular Ca 2ϩ (4, 37) . In cerebral arteries, activation of PKC with PMA decreases Ca 2ϩ spark and TBKC frequency (4) .
The aim of the present study is to provide a novel mechanistic insight into BK channel regulation by PKC in DSM and to elucidate the physiological significance of these interactions at the cellular and tissue levels. We used a combined experimental approach, including patch-clamp electrophysiology, live-cell Ca 2ϩ imaging, recordings of isometric tension in guinea pig isolated DSM strips, and pharmacological protocols utilizing the PKC activator PMA. The results are consistent with the idea that, in DSM cells, PKC inhibits BK channel activity indirectly via a Ca 2ϩ -dependent mechanism involving attenuation of Ca 2ϩ release through RyRs while increasing the global intracellular Ca 2ϩ levels necessary to activate DSM contraction.
MATERIALS AND METHODS
Tissue preparation. Sixty-nine male Harley albino guinea pigs (Charles River Laboratories, Raleigh, NC) were used in this study (434.4 Ϯ 8.1 g body wt). The animals were euthanized with CO 2 and then subjected to a thoracotomy according to Animal Use Protocol 1747, reviewed and approved by the Institutional Animal Care and Use Committee of the University of South Carolina. DSM tissue dissection and preparation of DSM strips were performed as previously described (15, 39, 45, 47) .
DSM cell isolation. Guinea pig DSM single cells were enzymatically isolated using papain and collagenase, as previously described (15, 39, 45, 47) . Single DSM cells were used for patch-clamp and live-cell Ca 2ϩ -imaging studies within 12 h after isolation. Perforated patch-clamp recordings. A few drops of the DSM cell suspension were placed into a glass bottom of a recording chamber. The cells were allowed to settle for Ն20 min and then washed with an extracellular bath solution. The amphotericin B-perforated whole cell patch-clamp technique was used to record TBKCs, membrane potential, and voltage-step depolarization-induced whole cell BK current. TBKCs and voltage-step depolarization-induced whole cell BK current were recorded in voltage-clamp mode, whereas membrane potential and spontaneous transient hyperpolarization (STH) were measured in current-clamp mode. An Axopatch 200B amplifier (Digidata 1322A) and pCLAMP version 10.2 software (Molecular Devices, Union City, CA) were used, and the currents were filtered using an eight-pole Bessel filter (model 900CT/9L8L, Frequency Devices, Ottawa, IL). The patch-clamp pipettes were made from borosilicate glass (Sutter Instruments, Novato, CA) and pulled using a vertical puller (model PP-830, Narishige Group, Tokyo, Japan). The pipettes were then polished with a fire polisher (Micro Forge MF-830, Narishige Group). Pipette resistance was 4 -6 M⍀. All patch-clamp experiments were conducted at room temperature (22-23°C) .
Single-channel recordings. Single BK channel recordings were performed using the cell-attached patch-clamp technique. Singlechannel recordings were conducted in the presence of thapsigargin (100 nM), a blocker of SR Ca 2ϩ -ATPase, ryanodine (30 M), a blocker of RyRs, and nifedipine (1 M), a blocker of Ca V channels, to eliminate all major cellular sources of Ca 2ϩ for BK channel activation. We applied command voltage of Ϫ60 mV to determine the effect of PMA on BK channel open probability (NP o). This approximation corresponds to cell membrane potential of ϩ60 mV, if it is assumed that the cell membrane potential is 0 mV under the recording conditions of high K ϩ for bath and pipette solutions. All singlechannel recordings were conducted at room temperature (22-23°C) .
Ca 2ϩ -imaging experiments. Intracellular Ca 2ϩ -imaging experiments were performed as previously described (15, 39, 47) .
Isometric DSM tension recordings. Isometric DSM tension recordings were conducted using mucosa-free DSM strips (ϳ2-3 mm wide ϫ 5-6 mm long), as previously described (15, 39, 45, 47) . In the first set of experimental series, the DSM strips exhibiting spontaneous phasic contractions were allowed to equilibrate for Ն30 min. Thereafter, increasing concentrations of PMA (1 nM-30 M) or its inactive analog 4␣-PMA (1 nM-30 M) were applied at 10-min intervals. In a separate set of experimental series, paxilline (1 M), a BK channel blocker, was applied; then the DSM contractions were allowed to reach a stable level before cumulative application of PMA (1 nM-30 M) or 4␣-PMA (1 nM-30 M). To minimize potential effects caused by neurotransmitter release, the experiments on DSM strips exhibiting spontaneous phasic contractions were performed in the presence of 1 M tetrodotoxin (TTX), a selective blocker of neuronal voltage-gated Na ϩ channels. In the second experimental series, nerve-evoked DSM contractions were induced by electrical field stimulation (EFS) using a pair of platinum electrodes mounted in the tissue bath parallel to the DSM strip. The EFS pulses were generated using a PHM-152I stimulator (Med Associates, Georgia, VT). The EFS pulse parameters were as follows: 0.75-ms pulse width, 20-V pulse amplitude, and 3-s stimulus duration, with polarity reversed for alternating pulses. For EFS studies, after the equilibration period, DSM strips were subjected to continuous stimulation with a 20-Hz stimulation frequency at 1-min intervals.
Solutions and drugs. The Ca 2ϩ -free dissection solution, the extracellular bath solution used in the perforated patch-clamp and Ca 2ϩ -imaging experiments, and the patch-clamp pipette solution for perforated patch-clamp experiments were prepared as previously described (14, 15) . Pipette solutions in perforated patch-clamp experiments were supplemented with freshly dissolved (every 1-2 h) 200 g/ml amphotericin B. The patch-pipette solution for single BK channel recordings contained (in mM): 140 KCl, 1.08 MgCl2, 5 EGTA, 1 HEPES, and 3.16 CaCl 2 [free Ca 2ϩ concentration was calculated at ϳ300 nM with WEBMAXC Standard (http://www.stanford.edu/ ϳcpatton/webmaxcS.htm, Chris Patton)]. The pH of the solution was adjusted to 7.2 with NaOH. Extracellular (bath) solution used for the single-channel recordings contained (in mM): 140 KCl, 2 CaCl2, 1 MgCl 2, 10 HEPES, 10 glucose, and 4 NaOH (pH 7.35). For DSM contraction studies, physiological saline solution (in mM: 119 NaCl, 4.7 KCl, 24 NaHCO3, 1.2 NaH2PO4, 2.5 CaCl2, 1.2 MgSO4, and 11 glucose, aerated with 95% O 2-5% CO2 to obtain pH 7.4) was prepared daily. BSA and amphotericin B were obtained from Thermo Fisher Scientific, ryanodine was obtained from Enzo Life Sciences (Farmingdale, NY), and all other drugs were obtained from Sigma-Aldrich (St. Louis, MO). Stock solutions of TTX and nifedipine were prepared in citrate buffer and ethanol, respectively. PMA and 4␣-PMA were dissolved in DMSO, and the final DMSO concentration in the bath did not exceed 0.1%.
Statistical analysis.
MiniAnalysis software (Synaptosoft, Decatur, GA) was used to analyze the amplitude and frequency of TBKCs and STHs and DSM contraction parameters. Whole cell steady-state BK current and membrane potential were analyzed by Clampfit 10.2 software (Molecular Devices). To evaluate the effect of PMA on voltage-step-induced whole cell current, the mean value of the last 50 ms of the 200-ms pulse before and after application of PMA (100 nM) was calculated. The effects of PMA on the amplitude and frequency of TBKCs or STHs were normalized to control values and are expressed in percentages. The values for single-channel total NP o were obtained using a built-in algorithm in Clampfit, which calculates as follows: NP o ϭ TO/(TO ϩ TC), where TO and TC correspond to total open time and total closed time during the recording interval, respectively. Single-channel events were analyzed over 10-min intervals prior to and after addition of PMA (100 nM). DSM contractile activity was quantified by measuring average phasic contraction amplitude (the difference between the force-time baseline curve and the maximum peak of the contractions), frequency (contractions/min), muscle force integral (calculated by integrating the area under the force-time baseline curve), phasic contraction duration (defined as width of the individual phasic contraction at 50% of the amplitude), and DSM tone (the difference between the zero line and the force-time baseline curve). To compare the contraction parameters for spontaneous, paxilline-induced, or EFS-induced contractions, data were normalized to the last 5 min of the contractions before addition of the first concentration of PMA or 4␣-PMA in the presence or absence of paxilline (taken to be 100% for all configuration parameters) and are expressed as percentages. Statistical analyses were performed with GraphPad Prism version 4.3 (GraphPad Software, La Jolla, CA), and CorelDraw Graphic Suite X3 software (Corel) was used to illustrate the data. EC 50 values were obtained using a sigmoidal fitting function in the GraphPad Prism software and are reported as means (95% confidence interval). Values are means Ϯ SE, where n is the number of strips or cells and N is the number of guinea pigs. Statistical significance was tested using two-way ANOVA or paired Student's t-test; P Ͻ 0.05 was considered significant.
RESULTS

Pharmacological activation of PKC with PMA decreases the amplitude and frequency of TBKCs in freshly isolated DSM cells.
The average DSM cell capacitance of all cells used in perforated patch-clamp experiments was 17.8 Ϯ 1.3 pF (n ϭ 40, N ϭ 29). TBKCs were recorded in voltage-clamp mode, and DSM cells were held Ϫ20 mV. Pharmacological activation of PKC with PMA (100 nM) significantly inhibited TBKC amplitude and frequency by 65.4 Ϯ 16.6% and 93.9 Ϯ 2.7%, respectively, in DSM cells (n ϭ 7, N ϭ 7, P Ͻ 0.05; Fig. 1, A and B) .
To confirm that the inhibitory effects on TBKCs were due to PKC activation, rather than some other effect of PMA, we performed additional experiments with the inactive PMA analog 4␣-PMA, which does not activate PKC. As illustrated in Fig. 1 , C and D, 4␣-PMA (100 nM) did not significantly change the amplitude or frequency of TBKCs (n ϭ 7, N ϭ 5, P Ͼ 0.05). Taken together, the data indicate that PKC is a critical regulator of TBKCs in DSM cells.
PKC activation with PMA leads to reductions in STH amplitude and frequency and depolarizes the membrane potential in freshly isolated DSM cells.
In this experimental series, the effect of PMA on membrane potential in DSM cells was investigated using the current-clamp mode of the perforated patch-clamp technique. Activation of PKC with PMA (100 nM) depolarized the membrane potential by 3.9 Ϯ 1.3 mV A: original recording illustrating the inhibitory effect of PMA (100 nM) on TBKC activity in a guinea pig DSM cell. B: summary data depicting the inhibitory effect of 100 nM PMA on amplitude and frequency of TBKCs (n ϭ 7, N ϭ 7). **P Ͻ 0.01, ***P Ͻ 0.001. C: original recording illustrating lack of an effect of 100 nM 4␣-PMA on TBKC amplitude and frequency in a DSM cell. D: summary data showing lack of a significant effect of 4␣-PMA (100 nM) on amplitude and frequency of TBKCs (n ϭ 7, N ϭ 5, P Ͼ 0.05).
(n ϭ 16, N ϭ 13, P Ͻ 0.05; Fig. 2, A and B) . In current-clamp mode, DSM cells exhibit STHs, which correspond to TBKCs recorded in voltage-clamp mode and are caused by Ca 2ϩ sparks from RyRs (12, 47) . PKC activation with PMA (100 nM) caused a significant inhibition of STH amplitude and frequency by 42.3 Ϯ 15.3% and 64.6 Ϯ 16.9%, respectively (n ϭ 5, N ϭ 5, P Ͻ 0.05; Fig. 2C ).
To investigate whether the inhibitory effects of PMA were due to BK channel activity, we performed membrane potential recordings in the presence of the selective BK channel blocker paxilline. In the presence of paxilline (1 M), DSM cells did not exhibit STHs, confirming that STHs are caused by BK channel activity. The results indicate that PMA (100 nM) did not affect the membrane potential of DSM cells after inhibition of the BK channels with 1 M paxilline (n ϭ 5, N ϭ 5, P Ͼ 0.05; Fig. 2, D and E) . These results suggest a key physiological role for the BK channels in mediating the inhibitory effects of PMA and support the concept that PKC activation increases DSM cell excitability in a BK channel-dependent manner.
The PKC activator PMA has no effect on the voltage-stepinduced whole cell steady-state BK current in DSM cells after inhibition of all major Ca 2ϩ sources for BK channel activation. In the next experimental series, DSM cells were held at Ϫ70 mV, and brief voltage-step depolarizations (200 ms) from Ϫ40 to ϩ80 mV in 20-mV intervals were applied. To remove all major Ca 2ϩ sources for BK channel activation, nifedipine (1 M), a selective Ca V channel inhibitor, thapsigargin (100 nM), a selective SR Ca 2ϩ pump inhibitor, and ryanodine (30 M), a selective RyR inhibitor, were applied in the bath solution. Under these experimental conditions, DSM cells responded to each depolarizing voltage step by gradually increasing outward BK currents (Fig. 3A) . As illustrated in Fig. 3 , activation of PKC with PMA (100 nM) did not significantly affect the whole cell steady-state BK current density at all recording voltages (n ϭ 6, N ϭ 4, P Ͼ 0.05; Fig. 3B ). At ϩ80 mV, current density was 11.7 Ϯ 1.3 pA/pF for controls and 12.2 Ϯ 1.6 pA/pF for cells activated with 100 nM PMA (n ϭ 6, N ϭ 4, P Ͼ 0.05; Fig. 3B ). These results indicate that, when all major Ca 2ϩ sources for BK channel activation are inhibited, PKC activation did not affect the voltage-step-induced whole cell steadystate BK current in guinea pig DSM cells. . PKC activation with PMA has no effect on voltage-step-induced whole cell steady-state BK currents after inhibition of all known major sources of Ca 2ϩ for BK channel activation. A: original recording illustrating voltage-stepinduced whole cell steady-state BK current prior to (control) and after addition of 100 nM PMA. B: current-voltage relationship illustrating lack of an effect of PMA (100 nM) on voltage-step-induced whole cell steady-state BK current in DSM cells (n ϭ 6, N ϭ 4, P Ͼ 0.05). All recordings were performed with thapsigargin (100 nM), ryanodine (30 M), and nifedipine (1 M) in the bath solution.
PMA does not change the single BK channel activity in the presence of thapsigargin, ryanodine, and nifedipine.
To examine whether PMA exerts a direct effect on single BK channel activity, we conducted single BK channel recordings using the cell-attached configuration of the single-channel patch-clamp technique. These recordings were conducted under conditions of pharmacological inhibition of major cellular sources of Ca 2ϩ for BK channel activation with thapsigargin (100 nM), ryanodine (30 M), and nifedipine (1 M). In the absence of PMA, NP o was 0.009 Ϯ 0.007 at a membrane potential of ϩ60 mV (n ϭ 5, N ϭ 5; Fig. 4) . PMA (100 nM) did not significantly alter the single BK channel NP o (n ϭ 5, N ϭ 5, P Ͼ 0.05; Fig.  4 ) or the unitary current amplitudes (n ϭ 5, N ϭ 5, P Ͼ 0.05; Fig. 4) . These experiments indicate that the PKC activator PMA did not directly alter the activity of single BK channels when all major sources of Ca 2ϩ for BK channel activation were inhibited.
Pharmacological activation of PKC with PMA increases intracellular Ca 2ϩ levels in freshly isolated DSM cells. To determine the effect of PKC activation on intracellular Ca 2ϩ levels, live-cell real-time Ca 2ϩ imaging was performed with fura 2. As shown in Fig. 5 , intracellular Ca 2ϩ levels were significantly increased following application of PMA (100 nM). The fluorescence intensity ratio (ratio of fluorescence at 340 nm to fluorescence at 380 nm) was 0.79 Ϯ 0.03 under control conditions and, in the presence of 100 nM PMA, increased to 1.03 Ϯ 0.03 (n ϭ 16, N ϭ 6, P Ͻ 0.05; Fig. 5 ). These results revealed that pharmacological activation of PKC with PMA increases intracellular Ca 2ϩ levels in freshly isolated DSM cells.
PKC activation with PMA increases spontaneous phasic contractions in DSM isolated strips. Since our electrophysiological experiments revealed that PKC activation caused an inhibition of the TBKC activity in single DSM cells, our next step was to study the functional link between PKC and BK channel activity in DSM isolated strips. We tested the effect of PKC activation with PMA on DSM spontaneous phasic contractions. DSM isolated strips exhibiting spontaneous phasic contractions were exposed to increasing concentrations of PMA (1 nM-30 M; Fig. 6A ). PMA induced a concentrationdependent increase in spontaneous phasic contraction amplitude, duration, muscle force integral, and muscle tone in DSM isolated strips (n ϭ 10, N ϭ 6, P Ͻ 0.05; Fig. 6, A and C) . PMA (30 M) increased DSM spontaneous phasic contraction amplitude to 186 Ϯ 26.1%, contraction duration to 132 Ϯ 11.4%, muscle force integral to 257 Ϯ 4.6%, and muscle tone to 168 Ϯ 25.8% (n ϭ 10, N ϭ 6, P Ͻ 0.05 for all parameters; To evaluate the role of BK channels in PMA-induced spontaneous contractions, we examined the effects of PMA (1 nM-30 M) in the presence of the BK channel selective inhibitor paxilline (1 M). PMA slightly increased the spontaneous phasic contraction amplitude in the presence of 1 M paxilline, but the effect was significantly less pronounced than in the absence of paxilline (n ϭ 12, N ϭ 9; Fig. 6 ). Furthermore, in the presence of 1 M paxilline, PMA did not significantly affect phasic contraction duration, muscle force integral, or muscle tone. In the presence of paxilline, PMA (30 M) changed the spontaneous DSM contraction amplitude to 119 Ϯ 9.0%, contraction duration to 89 Ϯ 4.9%, muscle force integral to 109 Ϯ 10%, and muscle tone to 111 Ϯ 10.5% (P Ͼ 0.05 for all parameters except amplitude, for which P Ͻ 0.05; the effects of PKC on DSM myogenic spontaneous phasic contractions are mediated by BK channels. To further confirm that the PMA effects were due to PKC activation, we performed experiments with the inactive PMA analog 4␣-PMA. The results revealed that 4␣-PMA (1 nM-30 M) did not affect the spontaneous phasic contraction parameters of DSM isolated strips (n ϭ 14, N ϭ 9, P Ͼ 0.05).
PKC activation with PMA increases EFS-induced contractions in DSM isolated strips.
Next, we investigated the effect of PKC activation with PMA (1 nM-30 M) on EFS-induced DSM contractions. In the absence of TTX, EFS-induced contractions were evoked by repetitive EFS (20 Hz each minute; Fig. 7 ). PKC activation with PMA (1 nM-30 M) increased the amplitude and muscle force integral of EFS-induced contractions in a concentration-dependent manner (Fig. 7, A and  C) . The effects of PMA on EFS-induced contractions reached a maximum at 30 M. PMA (30 M) increased the amplitude of the EFS-induced contractions to 133 Ϯ 9.4% and muscle force integral to 135 Ϯ 9.8% (n ϭ 8, N ϭ 7, P Ͻ 0.05 for both parameters; Fig. 7A ). EC 50 In the next experimental series, we tested the effects of PKC activation with PMA on EFS-induced contractions in DSM isolated strips in the presence of the BK channel selective inhibitor paxilline. In the presence of 1 M paxilline, the effects of PMA (1 nM-30 M) on EFS-induced contractions were significantly reduced (n ϭ 9, N ϭ 8, P Ͻ 0.05; Fig. 7B ). These experiments demonstrated that the effects of PMA on EFS-induced contractions in DSM are mediated by BK channels. 4␣-PMA (1 nM-30 M) did not alter the amplitude or muscle force of 20-Hz EFS-induced contractions of guinea pig DSM isolated strips (n ϭ 8, N ϭ 8, P Ͼ 0.05). The results from these experiments indicate that PKC activation plays an essential role in nerve-evoked contractions in DSM and that these effects are mediated by BK channels.
DISCUSSION
This study investigated the functional link between PKC and BK channels in DSM at the cellular and tissue levels. We reveal that pharmacological activation of PKC with PMA inhibits the amplitude and frequency of BK channel-mediated TBKCs and STHs and depolarizes the membrane potential in freshly isolated guinea pig DSM cells. Furthermore, activation of PKC with PMA increases intracellular Ca 2ϩ levels in DSM cells and enhances the spontaneous phasic and nerve-evoked contractions in DSM isolated strips. The experiments with the selective BK channel inhibitor paxilline indicate that the effects of PMA on DSM excitability and contractility are mediated by the BK channel. Most importantly, we provide experimental evidence that the mechanism of BK channel inhibition by PKC in DSM is Ca 2ϩ -dependent. The existence of a functional link between the BK channel and PKC in DSM has been recently suggested (20, 32) , but the cellular mechanism of this interaction has not been investigated. In non-DSM, PKC can interact with BK channels through various signaling pathways, either directly or indirectly (4, 37, 43, 49) . To study the cellular mechanism of PKC-BK channel interaction in DSM, we performed perforated patch-clamp experiments on freshly isolated DSM cells. This method was selected, because the perforated patch-clamp mode is less invasive than the conventional patch-clamp mode, and it preserves the cellular environment, allowing investigation of BK channels under native physiological conditions with all intracellular signaling pathways intact. The results from our perforated patch-clamp experiments reveal that pharmacological activation of PKC with PMA significantly reduces TBKC activity in DSM cells (Fig. 1) . The current-clamp recordings show that PMA decreases the amplitude and frequency of STHs and depolarizes DSM cell membrane potential (Fig. 2) . Since TBKCs and STHs in DSM are mediated by BK channel activity (14, 46) , we hypothesized that the effects of PMA on DSM excitability involve the BK channels. This assumption is supported by the fact that the depolarizing effect of PMA on DSM membrane potential was not observed following inhibition of the BK channels with paxilline (Fig. 2) . This finding is in line with recent reports indicating that the BK channels and PKC may interact at functional and cellular levels in DSM (20, 32) .
In some vascular smooth muscle cells, PKC can inhibit BK channels directly via phosphorylation of the BK channel ␣-subunit (37, 43, 49), whereas in cerebral arteries, PKC inhibits BK channels via attenuation of Ca 2ϩ release from the SR (4). Our results demonstrate that, following pharmacological inhibition of all major sources of Ca 2ϩ for BK channel activation, PMA does not significantly change the voltagestep-induced whole cell steady-state BK current in DSM cells (Fig. 3) . This observation indicates that intracellular Ca 2ϩ is of key importance for the inhibitory effect of PMA on BK channel activity. To confirm this hypothesis, we performed additional experiments to measure single BK channel activity in the cell-attached mode of the patch-clamp technique in the presence of nifedipine, thapsigargin, and ryanodine. Activation of PKC with PMA did not significantly change single BK channel NP o in DSM cells after inhibition of all major sources of Ca 2ϩ for BK channel activation (Fig. 4) . This finding confirms our initial observation that a Ca 2ϩ -dependent mechanism mediates PKC-induced inhibition of BK channel activity in DSM.
RyRs are potential targets for PKC phosphorylation (5, 22) . PKC phosphorylation of the RyRs has been suggested to be the primary mechanism for PKC-induced inhibition of the Ca activity via a direct interaction with RyRs (22) . On the basis of our electrophysiological experiments, it is reasonable to expect that a similar mechanism of PKC-induced phosphorylation of RyRs operates in DSM, but the regulatory protein of SR Ca 2ϩ -ATPase activity, phospholamban (PLB), is another plausible target for PKC phosphorylation. The latter hypothesis is based on an observation that PKC modulates the PLB activity in cardiac myocytes and, thus, regulates SR Ca 2ϩ release (48). Although we cannot completely rule out the possibility of a direct PKC-BK channel interaction in DSM, our results clearly support the concept that PKC activation suppresses BK channel activity in DSM via an indirect mechanism involving SR Ca 2ϩ stores. Pharmacological inhibition of the BK channel with selective blockers, including peptides, such as iberiotoxin, or small molecules, such as paxilline, significantly increases DSM contractions (9, 11, 41) . Enhancement of DSM contractility is a result of membrane depolarization, activation of Ca V channels, and increase in global intracellular Ca 2ϩ levels. Therefore, we expected and observed experimentally that inhibition of BK channel activity with PMA would increase intracellular Ca 2ϩ levels in DSM cells (Fig. 5) .
Furthermore, the results from live-cell Ca 2ϩ -imaging experiments confirm that PMA significantly increases intracellular Ca 2ϩ levels in freshly isolated single DSM cells (Fig. 5) , which supports the concept that PKC activity regulates intracellular Ca 2ϩ dynamics in DSM. Elevation of intracellular Ca 2ϩ by PKC activation leads to an increase in DSM contractions.
Our functional studies of DSM contractility show that pharmacological activation of PKC with PMA causes concentration-dependent increases in the parameters of spontaneous phasic contractions in DSM isolated strips (Fig. 6) . The inac- tive 4␣-PMA analog did not significantly change the parameters of spontaneous phasic DSM contractions, suggesting that stimulatory effects of PMA on DSM contractility are due to PKC activation. The PMA stimulatory effects on DSM contractility were significantly less pronounced in the presence of paxilline (Fig. 6 ), revealing involvement of BK channels in PMA-induced activation of DSM phasic contractions. These results support the concept that PKC increases DSM contractility by inhibition of BK channel activity. Our results are in line with the recent observation that suggests functional interactions between PKC and BK channels in DSM (20) . DSM contractility is regulated by autonomic neuronal pathways via release of excitatory neurotransmitters, such as acetylcholine. We recently showed that cholinergic stimulation of M 3 receptors leads to BK channel inhibition (32) . Furthermore, abnormal neuronal activity of elevated acetylcholine release could excessively increase DSM contractility, causing NDO (1). Recently, our research group revealed that BK channel expression and function are reduced in NDO (13) . Here we show that pharmacological activation of PKC with PMA increases EFS-induced contractions in DSM isolated strips and that the effect is significantly less pronounced in the presence of paxilline (Fig. 7) . The inactive analog 4␣-PMA did not significantly change the parameters of EFS-induced contraction in DSM, supporting the concept that the contractile effects are due to PKC activation. Taken together, the results support the idea that PKC regulates nerve-evoked DSM contractions in a BK channel-dependent manner. Data from the EFS-induced contraction experiments (Fig. 7) suggest that PKC-BK channel interaction could play an important role in bladder contraction during the voiding phase. However, we cannot exclude the possibility that PKC has a regulatory role in maintaining bladder force during the storage phase.
Studies with another PKC activator (PDBu) showed a biphasic effect on DSM contractility in rabbits. Specifically, it reduced amplitude and increased frequency of DSM contractions at a lower concentration (10 nM) and increased muscle force at a higher concentration (1 M) (20) . The discrepancy between this observation and our findings is likely related to species differences in DSM physiology between guinea pigs and rabbits. Another plausible explanation is that the aforementioned study used PDBu, whereas we utilized the PKC activator PMA. PMA and PDBu are phorbol esters that mimic DAG, the natural activator of PKC; however, differences in pharmacological properties of PDBu and PMA were reported, and the results showed that PMA is a more potent PKC activator (30) . We should also consider that there are 11 different PKC isoforms, classified into 3 major groups (18, 23, 28, 29) . PKC isoforms differ markedly in expression and prevalence in different cell lines, tissues, and species (23) . PKC␣ is suggested to be the major isoform in rabbit DSM (6); however, the isoform-specific downstream effects of PKC activation in DSM remain to be elucidated in future studies.
On the basis of the data obtained in this study, a proposed mechanism by which PKC regulates BK channel function in DSM cells is illustrated in Fig. 8 . Activated PKC phosphorylates proteins, such as RyRs or PLB, in the SR (Fig. 8) . This leads to inhibition of Ca 2ϩ release from the SR (Ca 2ϩ sparks) and subsequent inhibition of TBKCs. BK channel inhibition causes DSM cell membrane potential depolarization, activation of the Ca V channels, increase in global intracellular Ca 2ϩ concentration, and activation of DSM contraction (Fig. 8) .
In conclusion, we found that PKC and BK channels are functionally linked in DSM. Our patch-clamp studies reveal that pharmacological activation of PKC with PMA significantly decreases the amplitude and frequency of TBKCs and STHs and depolarizes the DSM cell membrane potential. In the absence of all major cellular sources of Ca 2ϩ for BK channel activation, PKC activation with PMA did not change voltagestep-induced whole cell BK current or the single BK channel NP o recorded in the cell-attached mode. These findings support the concept that PKC inhibits BK channel activity indirectly by suppressing intracellular Ca 2ϩ release through SR RyRs. Therefore, this study provides novel mechanistic insight into the regulation of DSM excitability. Our Ca 2ϩ -imaging experiments reveal that PKC activation with PMA elevates intracellular Ca 2ϩ levels in DSM cells. Our functional studies on DSM contractility reveal that pharmacological activation of PKC with PMA significantly increases the parameters of spontaneous phasic and nerve-evoked DSM contractions and that these effects are mediated by the BK channel.
